Abstract. The expression of osteopontin (OPN) has been correlated with tumor growth and metastasis. However, the mechanisms by which OPN promotes tumor metastasis remain unclear. In this study, we aimed to investigate the anti-tumor effects of OPN by silencing OPN expression in the gastric cancer cell line SGC7901, using lentiviral-OPN small interfering RNA (siRNA) technology. Plasmid vectors containing OPN siRNAs were generated, encoded with lentiviral vector and transfected into SGC7901 cells (SGC-OPN -cells). OPN mRNA and protein expression were examined using real-time reverse transcription polymerase chain reaction (RT-PCR) and Western blotting techniques. The tumorigenicity and metastatic potential of SGC7901 cells were studied in nude mice. Expression of OPN and vascular endothelial growth factor (VEGF) in lung metastatic tumor specimens were also examined using immunohistochemistry (IHC). Among the three siRNA sequences tested, siRNA2 most remarkably inhibited mRNA levels of OPN; lentiviral-siRNA2 was stably transfected into SGC7901 cells to generate SGC-OPN -cells. SGC-OPN -cells had significantly decreased OPN expression compared to control cells (relative intensities were 0.14±0.06 vs. 0.95±0.16 in controls, P<0.01). A substantial reduction in detectable tumors was found in mice implanted with SGC-OPN -cells compared to controls (4.62±1.24 vs. 8.35±2.27 cm 3 in controls, P<0.01). In addition, mice implanted with SGC-OPN -cells survived longer (101.2±22.5 vs. 89.2±24.6 d, P<0.01) and were demonstrated to have less metastases compared to mice implanted with SGC7901 control cells. Interestingly, lentiviral-siRNA2 also suppressed the expression of OPN and VEGF in metastatic lung specimens. Lentiviral-mediated OPN siRNA significantly reduced OPN gene expression, suppressing the growth and metastasis of gastric cancers, which might be related to reduced expression of VEGF. Therefore, OPN could serve as a promising therapeutic target for gastric cancer.
Introduction
Gastric cancer is the third most prevalent malignancy in the world and the second leading cause of cancer death, with nearly a million new cases diagnosed each year (1) . Since the prognosis of gastric cancer depends largely on the stage at diagnosis, its high mortality is partially due to the fact that the disease has progressed to an unresectable stage at the time of diagnosis. The process of cell dissemination from primary tumors to distant sites is the most harmful event occurring during cancer progression, and the leading cause of death from cancer. Thus, understanding the precise mechanisms by which gastric cancer spreads to distant sites are of great importance.
OPN, an extracellular matrix protein, is a secreted phosphoglycoprotein that binds to the receptors for integrin · v ß and CD44 families. Elevated expression of OPN has been associated with invasion, progression or metastasis of tumors (2) . Current studies have also revealed that OPN plays an important role in gastric cancer (3) (4) (5) . Efforts have been made to inhibit tumor progression and metastasis by targeting OPN. Blockade of OPN expression using siRNA effectively suppressed the metastasis of CT26 murine colon adenocarcinoma (6) .
siRNA is a post-transcriptional gene silencing strategy that is specifically targeted for evolutionarily conserved sequences. Lentiviral vectors offer unique versatility and robustness as vehicles for gene delivery. They can transduce a wide range of cell types and integrate into the host genome in both dividing and post-mitotic cells, resulting in long-term expression of transgenes both in vitro and in vivo. To explore the role of OPN in the biological behavior of gastric cancer cell lines, we previously investigated OPN protein expression and the biological changes before and after OPN siRNA transfer in gastric cancer cell lines (7) , and found that OPN siRNA could down-regulate OPN and inhibit proliferation, migration and invasion of the gastric cancer cell lines MKN28 and SGC7901. This is consistent with a previous report (8) and provides further evidence that OPN plays an important role in the growth and metastases of gastric cancer.
Recent studies have focused on the role of OPN in tumor angiogenesis (9) (10) (11) . Both endogenous and exogenous OPN promote the expression of VEGF, a critical factor involved in tumor angiogenesis (12) . In the present study, we hypothesize that overexpression of OPN in gastric cancer may be closely related to metastases and angiogenesis through regulation of VEGF expression. We used the powerful lentiviral-siRNA expression vectors with specific siRNA targeted against OPN to down-regulate OPN expression, and explored the preliminary correlation between OPN and VEGF in the metastases of gastric cancer.
Material and methods
Cell line. SGC7901 cells (obtained from Dr X. Zhang, the Department of Cancer Research, Chinese Medical University, Shenyang, China) were cultured in RPMI-1640 medium (contained 1.2 mg/ml NaHCO 3 , 1x10 5 U/l penicillin and 1 mg/l streptomycin) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA). Cells were cultured in an incubator at 37˚C with 5% CO 2 , and media were changed every 2-3 days. The basic growth patterns of the cells were monitored.
Construction of specific siRNAs against OPN. Three precursor siRNAs (pre-siRNA) sequences targeting OPN (Gen-Bank accession no. NM-000582) and a negative sequence for control were designed and approved by BLAST software. The four sequences were as followings: negative, 5'-CATGGAGT GGCACGTAGGT-3'; siRNA1, 5'-TAGACCCCATGGAGT GGCA-3; siRNA2, 5'-GGTGGCACAGCCACTGCAC-3'; siRNA3, 5'-ACCGTCTGGAGGCTGTTCA-3'. By utilizing these four DNA sequences, four plasmids were generated: pRNAT-negative, pRNAT-siRNA1, pRNAT-siRNA2 and pRNAT-siRNA3. Transfection of the plasmids was performed when the density of SGC7901 cells reached 80-90% in 6-well tissue culture plates. There were 5 groups: group A (control, Lipofectamine 2000 only), group B (pRNATnegative), group C (pRNAT-siRNA1), group D (pRNATsiRNA2) and group E (pRNAT-siRNA3). The expression levels of OPN mRNA were determined by RT-PCR.
Package of lentiviral vectors, measurement of lentiviral titer and identification of lentiviral by PCR. Double-stranded oligonucleotides encoding the siRNA2 sequence and its negative sequence were annealed and inserted into pRNAT-U 6.2/Lenti expression vector between BamHI (GGATCC) and XhoI (CTCGAG) (Fig. 1 ) using standard cloning procedures (GeneScript Corp., Piscataway, NJ, USA). The generated siRNA expression vectors were transfected into 293T cells using lipofectamine 2000 (Fig. 2 ) for 8-10 days. The culture supernatant was collected when transfected 293T cells swelled and died and used as a virus stock. The viral titer was 5x10 10 pfu/l (determined by counting GFP-positive cells following transfection). RNA was extracted using the Rneasy mini kit (Qiagen, Hilden, Germany) from the purified virus stock and assessed using PCR in 1% agrose electrophoresis (Fig. 3 ).
Generation and assessment of stable transfected cells.
The lentiviral vectors were transfected into SGC7901 cells with the multiplicity of infection (MOI) of 50. Seventy-two hours following transfection, the cells were selected using 400 μg/ ml G418. When the control cells were all dead and the experimental cells grew into distinctive clonies, the experimental cells were selected and transferred into culture flasks and were continuously selected with G418 for 5 weeks to generate stable recombinant cells, which were denoted SGC-OPN -and SGC-negative, respectively. The stable recombinant cells were cultured in RPMI-1640 medium containing 200 μg/ml G418.
The expression levels of OPN-mRNA and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), an internal control, were evaluated by RT-PCR. The PCR primers were designed using Olig5 software and synthesized by the Shanghai Biosynthesis Co. The primer sequences of the OPN gene were designed with a forward primer of 5'-CCACATGGCTAAAC CCTGACC-3' and a reverse primer of 5'-CATGGCTTTCGT TGGACTTACTTG-3'. The product was 126 bp. The internal control GAPDH gene had a forward primer of 5'-ATGACCC CTTCATTGACC-3' and reverse primer of 5'-GAAGATGGT GATGGGATTTC-3'. Experiments were repeated independently for three times.
Western blotting was used to test the protein levels of OPN and ß-actin, an internal control, using primary antibodies (OPN, R&D Systems, Minneapolis, MN; ß-actin, Protein Tech, Chicago, USA). Total protein (5-50 μg) extracted from the tested cells was separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes. Experiments were repeated independently three times.
In vivo assays of tumor growth and metastasis. Four-to sixweek-old female BALB/c nude mice were purchased from the Shanghai Experimental Animal Center of Chinese Academy of Sciences (Shanghai, China) and were fed in the Experimental Animal Center of Shanghai Traditional Chinese Medical University. All mice were maintained under pathogenfree conditions in laminar flow boxes in accordance with established institutional guidance and approved protocols. SGC-OPN -cells (1x10 6 at 50 MOI) were implanted subcutaneously into the flank of the nude mouse (6 mice in each group), and SGC7901 cells treated with phosphate-buffered saline were used as mock control. At day 28 following cell inoculation, the tumor volume was calculated according to the following formula: V (mm 3 ) = length (mm) x width 2 (mm 2 )/2. The rate of overall survival (OS) was calculated from the time of cancerous cell injection until the time of sacrifice when they were weak and dying, or until natural death. The mice were sacrificed for histopathological examinations, and the implanted tumors and lungs were stained with hematoxylin-eosin. The incidences of lung metastases was calculated and evaluated via microscopy. These procedures were approved by the Animal Care and Use Committee of Fudan University, China.
Histological and immunohistochemical examinations. For histological examinations, a portion of tissue was fixed with 10% neutrally buffered formaldehyde and was embedded in paraffin. The sections were deparaffinized and stained with hematoxylin and eosin. For immunohistochemical analyses, deparaffinized sections were immersed in 0.3% H 2 O 2 in PBS to eliminate endogenous peroxidase activities. The sections were further incubated with PBS containing normal serum derived from the same species, which were used to generate the secondary antibodies and 1% bovine serum albumin to reduce non-specific reactions. The sections were incubated with primary antibodies for anti-OPN (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-VEGF (Beyotime, Shanghai, China) at optimal concentrations at 4˚C overnight. After incubation with biotinylated secondary antibodies at room temperature for 30 min, the nuclei were stained with Hoechst (Sigma, St. Louis, MO, USA), immunoreactive cells were visualized using Catalyzed Signal Amplification System (Dako, Denmark) according to the manufacturer's instructions, and images were then captured with a microscope (Olympus BX51) equipped with a SPOT digital camera. Statistic analysis. Statistical analyses were performed using Software SPSS 11.0. All data are expressed as the mean ± standard deviation (SD), and analyzed using a Student's t-test. The level of significance was set at P<0.05.
Results
Identification of specific and efficient siRNA sequence against OPN. Lipofectamine 2000 mediated siRNA delivery substantially inhibited mRNA expression of OPN in gastric cancer cells. As shown in Fig. 4 , pRNAT-siRNA2 and pRNAT-siRNA3 demonstrated significant reductions in the mRNA level of OPN. As pRNAT-siRNA2 exhibited the most effective inhibition, it was then selected to be packaged into lentiviral vectors in the following experiments.
Identification of stable transfected cells and morphologic observation.
Two stable recombinant cell lines were generated using pRNAT-siRNA2 and pRNAT-negative, which were denoted as SGC-OPN -and SGC-negative, respectively. As shown in Fig. 5 , the stable recombinant cells expressed enhanced GFP.
RT-PCR and Western blot analysis.
To verify the expression of mRNA and protein levels of OPN in transfectants, we performed RT-PCR and Western blot analyses. As shown in Table I , the lowest level of OPN mRNA was found in SGC-OPN -cells, while no difference was found between SGC7901 and SGC-negative cells. The protein levels of OPN were further evaluated using Western blotting. As shown in Fig. 6 , the OPN protein level was also significantly inhibited in SGC-OPN -cells, while no difference was found between SGC7901 and SGC-negative cells. We therefore utilized SGC-OPN -cells in subsequent experiments.
Effect of down-regulation of OPN on tumor growth and metastases of gastric cancer.
To further investigate the effect of OPN down-regulation on tumor growth and metastases of gastric cancer, SGC-OPN -or SGC7901 cells were subcutaneously implanted into nude mice. Xenograft tumor masses were found in all mice, and the tumor length of the SGC7901 group was 2-3 mm at day 10 following cell innoculation. Smaller detectable tumor masses (4.62±1.24 cm 3 ) were found in mice of the SGC-OPN -group, while much larger tumors were detected in mice in the SGC7901 group (8.35±2.27 cm 3 ) (P<0.01) (Fig. 7) .
To investigate lung metastases, consecutive sections were stained with hematoxylin and eosin for each lung tissue block. The incidences of lung metastases in the SGC7901 and SGC-OPN -groups were 83.3% (5/6) and 0% (0/6), respectively, and the lung metastatic lesions in the SGC7901 group were multiple (Fig. 8) .
Effect of OPN down-regulation on the survival of gastric cancer cells.
Based on the effects of OPN down-regulation on the in vivo tumor growth and metastases of gastric cancer, the overall survival rate was assessed and compared in the . Moreover, the mice in the SGC7901 group appeared sick. Therefore, we assumed that the mice in the SGC7901 group had reduced life time compared with the SGC-OPN -group.
Down-regulation of OPN suppressed the metastases of gastric cancer cells by inhibiting VEGF expression.
To explore the possible mechanisms of OPN in regulating tumor growth and metastases, the expression levels of OPN and VEGF were investigated in lung metastases by IHC. Compared with controls, the expression levels of OPN and VEGF in lung tissue were both decreased significantly in mice of the SGC-OPN -group (Fig. 9) . Lentiviral-OPN siRNA2 significantly suppressed the expression of OPN and VEGF in lung specimens.
Discussion
In the present study, we designed three plasmid vectors expressing the specific sequences of siRNA against OPN (pRNAT-siRNA1, pRNAT-siRNA2 and pRNAT-siRNA3) and our data showed that pRNAT-siRNA2 most efficiently down-regulated OPN expression. Compared to control cells, OPN gene silencing of SGC-OPN -cells not only significantly inhibited in vivo tumor growth (4.62±1.24 vs 8.35±2.27 cm 3 , P<0.01), but also reduced lung metastases accompanied by decreased expression of VEGF, suggesting a close relationship between OPN and VEGF expression in SGC7901 cells.
It is well known that tumor angiogenesis is essential for the growth and metastases of solid tumors. Increased evidence has suggested that VEGF plays an important role in tumor angiogenesis and progression (13) . Our present data therefore revealed that the OPN gene may promote tumor development by altering VEGF levels. OPN could be a promising target for the control of metastasis as well as gastric tumor growth or a hopeful target for anti-angiogenesis in gastric tumors. OPN protein or mRNA levels increased in many different types of tumors, including breast, liver and prostate cancers, and were also related to tumor progression, and metastases (14) (15) (16) . Several studies have demonstrated that OPN plays an important role in the metastases and tumor growth of hepatocellular carcinoma (HCC) through activation of mitogen-activated protein kinase (MAPK), NF-κB and MMP-2 pathways (17) . In gastric cancer BGC-823 cells, OPN targeted siRNA suppressed growth, migration and invasion through reduction in MMP-2 and uPA expression, inhibition of NF-κB DNA binding activity and down-regulation of Akt phosphorylation (8) . Our present results provide further evidence that OPN might regulate tumor growth and metastases through alterations in VEGF levels. This is similar to a previous report (18) that reduced OPN production by gastric cancer cells could reduce the proliferation, migration and tube formation of human umbilical vein endothelial cells, and led to decreased angiogenesis in transplanted tumors of mice. These data confirmed the positive roles for OPN in the angiogenesis associated with gastric cancer.
No apoptosis was induced following transfection of Lipofectin-OPN siRNA in two gastric cancer cell lines in our previous study (7), implying that the necessary level of OPN for cell survival is much lower than that for the invasion and metastasis of SGC7901 cells, and a very low level of OPN is effective for cell survival. Therefore, in our in vivo experiment, apoptosis of cancer cells in xenograft tumors and lung metastases were not detected. A possible limitation of our experiment is that we only explored the preliminary relationship between OPN and VEGF expression in tumor tissues, and the possible mechanisms by which OPN was involved in down-regulation of VEGF requires further studies. Table I . OPN mRNA expression evaluated via RT-PCR. -----------------------------------------------------------------------------------------------------Figure 8 . Lung metastases in mice. (A-1) and (A-2), the SGC-OPN -group; (B-1) and (B-2), the SGC7901 group. Tumor metastases were examined by gross observation (A-1, B-1) and H&E staining (A-2, B-2). Bar, 120 μm. Grossly visible metastases (blue arrowheads) in the lung were obvious, and micrometastatic tumors were revealed by H&E staining (red arrowheads). and NF-κB in SGC7901 cells also need to be explored in future studies. Our study revealed that down-regulation of OPN inhibited tumor growth and metastases of SGC7901 cells in mice, and improved mouse survival rate compared to controls. Induction of VEGF overexpression may be an important mechanism by which OPN is involved in gastric metastases. We hypothesized that overexpression of OPN and VEGF in patients with advanced gastric cancer resulted in tumor angiogenesis. Of note, bevacizumab, a recombinant, humanized monoclonal antibody that targets VEGF, has been safely used as a chemotherapy and is active in the treatment of advanced gastric cancer (19) . It is therefore considered that inhibition of both VEGF and OPN may be a more rational strategy to treat gastric cancer.
